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Summary
1
 
Invasive annual grasses introduced by European settlers have largely displaced native
grassland vegetation in California and now form dense stands that constrain the estab-
lishment of native perennial bunchgrass seedlings. Bunchgrass seedlings face additional
pressures from both livestock grazing and barley and cereal yellow dwarf viruses
(B/CYDVs), which infect both young and established grasses throughout the state.
 
2
 
Previous work suggested that B/CYDVs could mediate apparent competition between
invasive exotic grasses and native bunchgrasses in California.
 
3
 
To investigate the potential signiﬁcance of virus-mediated mortality for early sur-
vivorship of bunchgrass seedlings, we compared the separate and combined effects of
virus infection, competition and simulated grazing in a ﬁeld experiment. We infected two
species of young bunchgrasses that show different sensitivity to B/CYDV infection, sub-
jected them to competition with three different densities of exotic annuals crossed with
two clipping treatments, and monitored their growth and ﬁrst-year survivorship.
 
4
 
Although virus infection alone did not reduce ﬁrst-year survivorship, it halved the
survivorship of bunchgrasses competing with exotics. Within an environment in which compe-
tition strongly reduces seedling survivorship (as in natural grasslands), virus infection there-
fore has the power to cause additional seedling mortality and alter patterns of establishment.
 
5
 
Surprisingly, clipping did not reduce bunchgrass survivorship further, but rather doubled
it and disproportionately increased survivorship of infected bunchgrasses.
 
6
 
Together with previous work, these ﬁndings show that B/CYDVs can be potentially
powerful elements inﬂuencing species interactions in natural grasslands.
 
7
 
More generally, our ﬁndings demonstrate the potential signiﬁcance of multitrophic
interactions in virus ecology. Although sometimes treated collectively as plant ‘predators’,
viruses and herbivores may exert inﬂuences that are distinctly different, even counteracting.
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Introduction
 
European settlers introduced 
 
Avena
 
  spp. (wild and
slender oats), 
 
Bromus
 
 spp. (bromes) and other annual
grasses into California several hundred years ago. In a
dramatic example of invasion success, these exotic
grasses have almost completely displaced native grass-
land vegetation, including native perennial bunch-
grasses (Clements 1934; Heady 1977; Bartolome 
 
et al
 
.
1986; Hamilton 1997). Currently, bunchgrass commu-
nities comprise less than 0.1% of valley grassland area
(Davis 
 
et al
 
. 1998) [estimates for Great Central Valley
Region], and most bunchgrass individuals must both
compete with dense stands of exotic annuals and con-
tend with grazing by cattle and sheep.
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Competition for water and light can be intense, with
smaller bunchgrasses succumbing to pressure from the
quicker growing annuals (Dyer & Rice 1997; Dyer &
Rice 1999; Hamilton 
 
et al
 
. 1999), and bunchgrass
populations are often recruitment limited (Dyer &
Rice 1997; Hamilton 
 
et al
 
. 1999; Seabloom 
 
et al
 
. 2003).
However, the capacity of the exotics to intensify resource
competition does not fully explain their success and
current dominance (Seabloom 
 
et al
 
. 2003; Corbin &
D’Antonio 2004) and factors such as changes in dis-
turbance patterns may have played inﬂuential roles in
directing the trajectories of native and exotic species.
Viruses may be one such factor shaping grassland
dynamics (Malmstrom 1998; Malmstrom 
 
et al
 
. 2005a,b).
Although a group of generalist aphid-vectored viruses
called the barley and cereal yellow dwarf viruses
(B/CYDVs; Luteoviridae) have been widespread in
California grasses and cereals (Griesbach 
 
et al
 
. 1990a;
Griesbach 
 
et al
 
. 1990b) since 1951 or earlier (Oswald
& Houston 1951), they have been largely overlooked
in previous studies of grassland ecology. We have
established experimentally that BYDV collected from
California grasslands can cause notable stunting and
loss of fecundity over the short term, and mortality
over the long term (several years), in a broad range of
native bunchgrasses, in the absence of other environ-
mental constraints (Malmstrom 
 
et al
 
. 2005a). We
observed similar fecundity loss in established bunch-
grass populations with naturally acquired B/CYDV
infection (Malmstrom 
 
et al
 
. 2005a) and substantial
infection-associated mortality in commercial bunch-
grass seed production ﬁelds (C.M.M., pers. observ.). In
addition, we found that exotic annuals such as 
 
Avena
 
and 
 
Bromus
 
 can attract and enhance the fecundity
of the aphid vectors for B/CYDVs and substantially
increase virus incidence in young bunchgrasses nearby
(Malmstrom 
 
et al
 
. 2005b). Together, these ﬁndings
suggest that B/CYDVs could inﬂuence grassland
dynamics by mediating apparent competition between
native and exotic species. In apparent competition, the
presence of one host species alters the inﬂuence of a
shared pathogen (or predator) on a second species and
thus indirectly leads to the second species’ decline
(Holt 1977).
In general, B/CYDV pressure in California appears
to be strong and widespread, with some spatial and
temporal variation (Oswald & Houston 1951; Griesbach
 
et al
 
. 1990a; Griesbach 
 
et al
 
. 1990b), as is typical with
B/CYDVs world-wide (Irwin & Thresh 1990). Large
aphid ﬂights (Pike 
 
et al
 
. 1989) exert broad synoptic
virus pressure, while local movement of aphids and
virus among neighbouring plants contributes addi-
tional variability. B/CYDV incidence can be high:
infection rates among young bunchgrasses were found
to exceed 70% after only 2 years of exposure to natural
virus pressure (Malmstrom 
 
et al
 
. 2005b). In established
natural populations, rings of infected seedlings can
sometimes be found around older, infected bunch-
grasses (C.M.M., unpubl. data), suggesting that estab-
lished plants might serve as reservoirs that increase
virus pressure on nearby seedlings.
Given the widespread virus pressure in California,
and the likelihood that seedlings experience signiﬁcant
exposure in some situations, the goal of this study was
to compare the effects of virus infection on bunchgrass
seedling with those of two other factors (interspeciﬁc
competition and grazing) that are recognized as inﬂu-
ential in grasslands. To capture the range in variability
of bunchgrass response, we infected young individuals
of two bunchgrasses species that show different sensi-
tivity to B/CYDV infection (Malmstrom 
 
et al
 
. 2005a),
subjected them to competition with three different
densities (0, low, high) of exotic annuals (
 
Bromus
 
) and
to two clipping treatments (+, –) at each density, and
monitored their ﬁrst-year growth and survivorship in a
large ﬁeld experiment. In addition, because the survivor-
ship of bunchgrass seedlings competing with exotics
can be strongly inﬂuenced by water and light avail-
ability (Dyer & Rice 1999; Hamilton 
 
et al
 
. 1999), we
quantiﬁed 
 
Bromus
 
’ inﬂuence on environmental resources
by measuring soil moisture and canopy properties
in subplots. We focused on ﬁrst-year responses to
treatments, because bunchgrass populations are often
recruitment limited and bunchgrass individuals are par-
ticularly vulnerable to competition when they are small
(Dyer & Rice 1997; Hamilton 
 
et al
 
. 1999; Seabloom
 
et al
 
. 2003). We predicted that infected individuals
would survive less well in competitive situations
and regrow more poorly after grazing, because B/
CYDV infection causes phloem limitations that impair
carbohydrate transport (Esau 1957; Irwin & Thresh
1990) and stunt bunchgrasses (Malmstrom 
 
et al
 
.
2005a). We thus expected that survivorship would be
lowest when bunchgrasses had to contend simultane-
ously with infection, competition and grazing.
 
Materials and methods
 

 
Site
 
Because government regulations limit the release and
manipulation of viruses outdoors, this work was
conducted in a secure ﬁeld facility at the University of
California Davis Plant Pathology Research Facility
in Yolo County in the middle of California’s Central
Valley (38.5
 
° 
 
N,  121.8
 
°
 
  W). The landscape in this
region was once dominated by wild grasslands and wet-
lands but now largely comprises commercial agricul-
tural ﬁelds and rangelands alongside expanding urban
centres. Remnant bunchgrass populations are found
scattered throughout the region, including in the drain-
age areas adjacent to the research facility. Over the last
10  years, restoration programs have re-established
more than 100 hectares of additional bunchgrass
populations in agricultural ﬁelds and rangelands in the
western part of the county (http://science.calwater.ca.gov/ 
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pdf/SIA_grasslands_063005.pdf). We conducted our
experiment in a 0.3-hectare research ﬁeld that had been
fallowed (left bare) the previous year. The soils in the
ﬁeld were Yolo Loam and Yolo Fine Sandy Loam
(mixed, nonacid, thermic Typic Xerorthents).
The climate in Yolo County is mediterranean and
annual precipitation averages 44 cm (Davis 1 WSW
Western Regional Climate Center). Cool-season grasses,
such as those studied here, generally initiate new growth
with the onset of the rainy season in October–November
and grow throughout the winter and spring. The exotic
annual species typically senesce in May as the rains end
and the hot summer dry period begins, while native
bunchgrasses may remain green for weeks longer.
 
Experimental design
 
We designed the experiment to simulate natural grass-
lands as much as possible while quantifying three-way
interactions between virus infection, competition and
simulated livestock grazing on bunchgrass survivorship.
Our primary aim was to examine the signiﬁcance of virus
infection on bunchgrasses competing with exotics, with
and without grazing, because these are the conditions
most bunchgrasses currently face in invaded grasslands.
The experimental ﬁeld was established in a split-plot
design with 60 long rectangular plots (1 
 
×
 
 15 m beds)
each subdivided into 12 subplots (1 
 
×
 
 1.25 m).  The
plots were laid out in two immediately adjacent 15-m
wide columns of 30 plots each. Within each column,
plots were separated from their neighbours by 0.5-m
furrows. Virus infection was the whole-plot treatment,
with 30 beds randomly designated for inoculated plants
(V+) and 30 for mock-inoculated ones (V–). Virus
treatments were segregated by bed to reduce the chance
of virus spread between plants when row covers were in
place (see below). The 12 subplot treatments, which
were assigned randomly among the subplots in each
whole plot, represented the remaining three variables:
bunchgrass species (two), density of exotic grasses
(0, low, high) and clipping (+, –).
 
Bunchgrass species
 
To capture the range in variability of bunchgrass response,
we chose two co-occurring bunchgrasses species –
 
Nassella pulchra
 
  (A. Hitchc.) Barkworth (purple
needlegrass) and 
 
Elymus multisetus
 
 (J. G. Smith) Burtt
Davy (big squirreltail) 
 
−
 
 that were previously found to
experience markedly different mortality rates when
individuals were treated with virus in the absence of
competition (Malmstrom 
 
et al
 
. 2005a). The two spe-
cies are of similar stature and co-occur throughout the
California valley grasslands. 
 
Nassella pulchra
 
 is one of
the most common native grasses remaining in invaded
valley grasslands and the most frequently studied,
whereas 
 
E. multisetus
 
 is less abundant, less studied and
considerably more susceptible to virus-induced mortal-
ity (Malmstrom 
 
et al
 
. 2005a). Seed was obtained from
Hedgerow Farms, Winters (Yolo County), California,
USA, where it was produced for use in Sacramento
Valley restoration projects: 
 
N. pulchra
 
 seed was derived
from a Yolo County population and 
 
E. multisetus
 
 from
a Tehama County population (referred to as NPY and
EMT in Malmstrom 
 
et al
 
. 2005a). These two popula-
tions of the two species are frequently planted together
in mixes and can grow well in the area, but also often
acquire B/CYDV infection (C.M.M., unpubl. data).
 
 
 
Interspeciﬁc competition
 
To generate a competitive environment like that experi-
enced by bunchgrass seedlings in invaded grasslands,
we sowed 
 
Bromus hordeaceus
 
 L. (soft chess) in com-
petition subplots at one of two rates 
 
− 
 
5000 seeds m
 
−
 
2
 
(low-density 
 
Bromus
 
, LB) or 28 000 seeds m
 
−
 
2
 
 (high-
density 
 
Bromus
 
, HB) – and 2 days later planted a single
8-week-old bunchgrass seedling (previously virus-
inoculated or mock-inoculated) in the centre of each
subplot. To compare the effects of grazing and virus
infection in the absence of competition, we also grew
bunchgrasses in subplots without 
 
Bromus
 
 (0B)
 
.
 
 We chose
 
B. hordeaceus
 
 because it is a dominant species in
California grasslands and its stature allows it to grow
without interfering with the row covers (see below).
We used commercially available 
 
B. hordeaceus
 
 seed mix
(S & S Seed, Carpenteria, CA, USA), which comprises
a range of California genotypes, is widely planted
throughout the state and has been used in previous
work on the effects of BYDV-PAV infection (Malm-
strom 
 
et al
 
. 2005a). In the competition subplots, our
aim was to replicate a common scenario for bunchgrass
recruitment in contemporary grasslands: one tiny
bunchgrass seedling trying to establish itself amidst
thousands of exotics. Seeding rates corresponded to
densities seen in natural grasslands (Biswell & Graham
1956; C.M.M., pers. observ.).
 
Virus infection
 
To infect bunchgrasses, we inoculated the V+ individuals
with BYDV-PAV-PH2 (GenBank accession number
AY879231) collected from wild 
 
Avena fatua
 
 growing
adjacent to the NPY 
 
N. pulchra
 
 in Yolo County. This
virus was used in our earlier competition/grazing-free
experiment (Malmstrom 
 
et al
 
. 2005a), and we used it
again here to ensure that the results would be com-
parable. We chose BYDV-PAV as our experimental
virus species because it is the most commonly reported
B/CYDV in California (Griesbach 
 
et al
 
. 1990a). Be-
cause little is known about the molecular diversity of
B/CYDVs in natural grasslands, we initially selected
the BYDV-PAV-PH2 isolate at random from a set of
California isolates that we had collected from wild hosts;
we did not pre-screen it for aggressiveness and we did
not have any data on its effects on hosts. Phylogenetic 
267
 
Virus infection 
and seedling 
survivorship
 
© 2006 The Authors
Journal compilation 
© 2006 British 
Ecological Society, 
 
Journal of Ecology
 
94
 
, 264–275
 
analysis of its coat protein nucleotide sequence places
it within Cluster II of the cpA group of BYDV-PAV
(Bisnieks 
 
et al
 
. 2004; C. M. Malmstrom 
 
et al
 
., unpub-
lished work). In both the earlier study and this one, we
used only this virus because the logistics of working
with several different viruses in a large outdoor experi-
ment can become unmanageable.
Bunchgrass seedlings were started in 6.4-cm plug
trays in October 2001, grown for 3 months in an aphid-
free glasshouse until the two- to three-leaf stage, and
then inoculated or mock-inoculated with BYDV-
PAV-PH2 in December 2001. For inoculations (and
mock-inoculations), 10 viruliferous aphids (or 10
non-viruliferous ones) were caged on each plant and
allowed to feed for 3.5 days before being killed with
pesticide. For the aphid, we used local 
 
Rhopalosiphum
padi
 
 L. (the birdcherry-oat aphid), which we had col-
lected from the same site as BYDV-PAV-PH2 and then
maintained virus-free in our laboratory, as per Malmstrom
 
et al
 
. (2005a). 
 
Rhopalosiphum padi
 
 is one of the most
common B/CYDV vectors in California (Pike 
 
et al
 
. 1989)
and is found on exotics and natives alike (Malmstrom
 
et al
 
. 2005b; C.M.M., pers. observ.). After inoculation,
the seedlings were planted in the ﬁeld (see above).
To control the introduction of virus from external
sources and movement of virus within treatments after
planting, we protected each bed with a 1-m wide, 15-m
long tunnel of Agribon-19 row cover (Peaceful Valley
Farm Supply, Grass Valley, CA, USA) supported on
wire hoops (peak height 
 
c.
 
 0.66 m) and stapled to the
ground, as in previous work (Malmstrom 
 
et al
 
. 2005a).
Agribon-19 is a lightweight spun polypropylene fabric
that permits light penetration and gas exchange but
prevents aphids from alighting on plants. Row covers
such as this are commonly used to protect high-value
agricultural crops, as well as plant pathology experi-
ments. Row covers were removed 19 February 2002,
before the grasses grew tall enough to touch them or
the weather warmed. Aphids were controlled there-
after with 
 
c.
 
 biweekly pesticides rotating between con-
tact foliar insecticides (pyrethroids, applied at labelled
rates) and two systemic pesticides (25% thiamethoxam
at 1 oz active ingredient per acre (70 g ha
 
–1
 
): Actara
25WG, Syngenta Crop Protection, Inc., Greensboro,
NC, USA, or 50% pymetrozine at 2.75 oz per acre
(192.6 g ha
 
–1
 
): Fulﬁll, Syngenta).
 
Grazing
 
To  simulate herbivory resulting from non-selective
rotational grazing by sheep or cattle, one-half of the
subplots (both competition subplots and those with
bunchgrasses alone) were clipped with shears three
times in spring, beginning immediately after row covers
were removed. At each clipping, all plants (
 
Bromus
 
 and
bunchgrasses) were clipped to an equal height, because
sheep or cattle could not preferentially select or avoid
bunchgrasses that were this small. Plots were clipped to
5 cm on 21 February and on 12–14 March, and to
7.6 cm on 4 April. We raised clipping height slightly for the
last treatment to prevent extreme removal of bunchgrass
meristems, which became more elevated as bunchgrasses
grew. Clippings were removed with a rake or vacuum.
 
  
 
Bunchgrass survivorship
 
We  quantiﬁed experiment-wide bunchgrass survivor-
ship in early May, as 
 
Bromus
 
 was senescing, and in late
June, towards the end of the bunchgrass growing
season.
 
Bunchgrass growth
 
To facilitate interpretation of the survivorship data, we
also compared the effects of virus infection and grazing
on bunchgrass growth in the no-competition subplots,
measuring bunchgrass height and basal circumference
at the end of the growing season (in late June and early
July), and harvesting, drying and weighing their above-
ground biomass. We did not take a comparable suite of
measurements in the competition subplots because
bunchgrass seedlings there were entangled with the
 
Bromus
 
 canopy and we did not want to risk altering
survivorship patterns by disturbing the canopy. Instead,
to make a general estimate of the effects of competition
on plant size, we counted tillers on all bunchgrasses
once, at the beginning of May. Substantial mortality
had already occurred at this point in the competition
subplots, so the tiller counts in those subplots were
derived only from survivors and are thus biased.
 
 
 
BROMUS
 
 
 
Bromus
 
 survivorship
 
To quantify how 
 
Bromus
 
 survivorship in competition
subplots was inﬂuenced by clipping and by intraspe-
ciﬁc competition among 
 
Bromus
 
, we compared seeding
rates and 
 
Bromus
 
 densities on 4 March and 25 May in
low- and high-density 
 
Bromus
 
 stands. Direct counts of
germination rates and early seedling densities were pre-
cluded by the presence of row covers, but it was evident
from visual inspection that initial seedling densities in
high-density stands were substantially greater than
in low-density ones. We measured 
 
Bromus
 
 density by
removing and counting all 
 
Bromus
 
 individuals falling
within a 6.6-cm diameter ring dropped in the north-
east quadrant of each plot in all eight 
 
Bromus
 
 subplots
of eight randomly chosen plots. We did not measure
 
Bromus
 
  density in plots containing TDR rods (see
below) to avoid altering soil moisture values.
 
Properties of 
 
Bromus
 
 canopies
 
To quantify properties of 
 
Bromus
 
 canopies inﬂuencing
light availability for bunchgrasses in competition 
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subplots, we measured 
 
Bromus
 
 height on 5 March and
26 April and leaf area index (LAI) on 27 March and 26
April in a subsample of 
 
Bromus
 
 subplots with a 0.8-m
linear sun ﬂeck ceptometer (Accupar, Decagon Devices,
Pullman, WA, USA). We also measured the fraction of
photosynthetically active radiation absorbed by the
canopy (FPAR) with the same instrument on 26 April.
 
    
 
To assess whether effects of 
 
Bromus
 
 and clipping on
bunchgrass survivorship might be related to changes in
water availability, we used time domain reﬂectometry
(TDR) to measure soil moisture (%) in the top 30 cm of
soil (the zone most inﬂuenced by roots of exotic annu-
als (Holmes & Rice 1996)) in 60 
 
Nassella
 
 subplots in the
later part of the growing season after rain had stopped.
We used a commercially available soil moisture system
with a removable single diode probe head and 30-cm
stainless steel rods (MoisturePoint Model MP-917
with SDR Type 13 probe and Type C rods, Environ-
mental Sensors Inc., Victoria, British Columbia, Can-
ada). We monitored soil moisture among all six Nassella
subplots (two clipping treatments  × three  Bromus
densities) within 12 randomly chosen non-virus plots.
To make measurements, we sank a pair of rods 10 cm
east of the bunchgrass in the middle of each stand in
early April while the ground was still moist. Rods were
left in place throughout the experiment. For measure-
ments, the removable probe head was clipped onto each
pair of rods. A full set of measurements was completed
within one to two days. Beginning on 11 April, soil mois-
ture was measured ﬁve times as precipitation ceased
and soils dried. Only 1.8 cm of rain was recorded
during the measurement period, 1.7 cm of which fell
during an unusual (for the season) rain event on 20–21 May
(NOAA Reference Climatological Station, Department
of Land, Air and Water Resources, University of
California, Davis, CA, USA).

We  used generalized estimating equation (GEE) in
logistic regression with a type 3 model to analyse the
binary survivorship data, using a split-plot mixed
model with virus inoculation as a whole-plot effect,
and species, grazing and Bromus density as subplot
effects (PROC GENMOD in SAS Version 8.2, SAS
Institute Inc., Cary, North Carolina, USA) (Stokes
et al. 2000). To analyse continuous plant characteristics,
we  used a similar split-plot mixed model in PROC
MIXED (Littell et al. 1996). In analysing Bromus charac-
teristics and TDR measurements, we did not examine
virus effects (because Bromus was not inoculated), and
therefore used a randomized complete block mixed
model with density and grazing as ﬁxed effects and
plot as a random effect (PROC MIXED).
Some degree of error in applying virus treatments in
large experiments is common because of the nature of
working with aphids (some plants may not be inocu-
lated, for example, if an inoculation cage is disturbed
during watering and the aphids escape). In analysing
data sets containing values solely from subplots with-
out Bromus (biomass, basal area, height and fecun-
dity), we evaluated values only from individuals with
appropriate infection status conﬁrmed by RT-PCR
analysis (Malmstrom & Shu 2004), which was con-
ducted on c. 50 mg of foliar tissue harvested in March
after row cover removal, i.e. when these plants were
large enough to be sampled. Among Elymus, we used
values from 92% of the inoculated and 87% of the
mock-inoculated individuals, and among Nassella,
from 74% and 97%, respectively. In data sets contain-
ing values from subplots with Bromus (survivorship
and tiller counts), we used all values because we could
not directly analyse bunchgrass virus status, since foli-
age sampling of these small plants would have inﬂu-
enced their survivorship, and clippings from clipping
treatments were too macerated and muddy for reliable
RNA extraction and analysis. However, inoculation
rates in Bromus subplots can be assumed to approximate
those in no-Bromus subplots because we planted the
same bunchgrass batches in both. Thus, our estimates
of virus effect on bunchgrass survivorship and tiller
number are conservative (underestimated).
To facilitate comparisons of the magnitude of the
experimental treatment effects, we calculated relative
virus effect, relative competition effect and relative clip-
ping effect in a manner analogous to that of relative yield
reduction:
Results
 
The ﬁrst-year survivorship of Elymus  and  Nassella
seedlings did not differ signiﬁcantly (species effect,
P  =  0.7520), contrary to our prediction. We thus
removed the species term from our model, effectively
combining data from the two species, which allowed us
to explore other interactions further.
The only isolated treatment factor that substantially
reduced ﬁrst-year bunchgrass survivorship was com-
petition with Bromus. Survivorship fell with increasing
Bromus  density (density effect, d.f.  =  1, χ
2 = 16.83,
P < 0.0001). Neither virus infection nor clipping alone
signiﬁcantly reduced ﬁrst-year survivorship (virus
effect, d.f. = 1, χ
2 = 0.00, P = 0.9928; clipping effect,
d.f. = 1, χ
2 = 1.01, P = 0.3142) (Fig. 1), nor did virus
infection and clipping together, contradicting our pre-
diction that these two factors in combination would
intensify mortality.
The survivorship of bunchgrasses that experienced
both competition with Bromus and virus infection was
markedly different from that of bunchgrasses treated
with a combination of competition and clipping. Virus
Treatment effect 
(Mean Mean )
Mean
treated control
control
=
−
×  
  
   % 100269
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infection intensiﬁed the consequences of competition
and reduced bunchgrass survivorship by an additional
c. 50% in unclipped Bromus stands of both densities
(virus effect, d.f.  =  1, χ
2 = 15.57,  P < 0.0001).  The
inﬂuence of infection became evident more slowly
compared to the effect of competition and was most
notable at the end of the season (Fig. 1).
In contrast, clipping markedly alleviated the nega-
tive inﬂuence of competition and increased the survi-
vorship of all bunchgrasses (virus-treated and untreated)
in  Bromus  stands by 50–300% (Fig.  1a: d.f.  =  1,
χ
2 = 35.37,  P < 0.0001;  Fig. 1b:  d.f. = 1,  χ
2 = 28.30,
P < 0.0001). In low-density Bromus stands, clipping
disproportionately increased the ﬁrst-year survivor-
ship of virus-treated bunchgrasses, eliminating the
virus effect in May (Fig. 1a) and reducing its magni-
tude from −50% to −19% in June (Fig. 1b).
     

When treatment factors were considered in isolation,
competition had the greatest inﬂuence on plant size as
indicated by tiller counts (a size measure available from
all treatments), followed by virus infection and then
clipping (Fig. 2). Competition with Bromus reduced
tiller counts by several orders of magnitude (density
effect  F2,447 = 881.40,  P < 0.0001).  Virus  infection
reduced tiller counts by 28–40% (P < 0.0001), a sub-
stantial but lesser amount. In contrast, clipping had
little inﬂuence (Fig.  2) and caused only a marginal
reduction in Nassella tiller number (Table 1).
Further comparison of the inﬂuence of virus infec-
tion and clipping as single factors indicated that, in
general, virus infection reduced plant size and fecun-
dity markedly more than clipping. In both bunchgrass
species, above-ground biomass production, basal area,
height and seed mass were all signiﬁcantly reduced by
virus infection, whereas clipping signiﬁcantly reduced
the growth only of uninfected Nassella, and this by
only about one-half as much as that caused by virus
infection (Table 1, Fig. 3).
We predicted that virus infection would limit bunch-
grass regrowth after clipping, and virus × clipping-
species interactions were evident in above-ground biomass
(F1,128 = 4.30, P = 0.0402) (Fig. 3a) and basal area
(F1,128 = 3.36, P = 0.0691) (Fig. 3b). However, the most
negative inﬂuence of clipping was seen in uninfected
Nassella, rather than in virus-treated individuals of
either species. Clipped virus-infected bunchgrasses re-
grew sufﬁciently well that their biomass, basal area and
heights were statistically indistinguishable from those
of unclipped individuals. Overall, therefore, the relative
size difference between Nassella  and  Elymus  was
reduced with clipping, so that the mean biomass of the
two species became almost identical (Fig. 3a) and the
inﬂuence of virus infection on the size of the two
Fig. 1 Inﬂuence of virus infection and clipping on survivor-
ship of native bunchgrass seedlings, as a function of Bromus
density. (a) Early May. (b) Late June. Black bars indicate mock-
inoculated bunchgrasses, grey bars indicate virus-inoculated
ones. LB and HB indicate low- and high-density Bromus
subplots, respectively. Percentages above bars indicate relative
virus effects (see Methods). *P < 0.05, ***P < 0.001.
Fig. 2 Inﬂuence of interspeciﬁc competition on the size
(mean ± SEM of survivors) of mock-inoculated (black bars)
and virus-inoculated (grey bars), Elymus multisetus (EM) and
Nassella pulchra (NP), as indicated by tiller number in May,
with and without clipping. 0B indicates Bromus-free
treatments. LB and HB indicate low- and high-density Bromus
treatments, respectively.270
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bunchgrasses became more similar when both species
were clipped (Table 1).
Among surviving bunchgrasses in competition sub-
plots, those in low-density stands produced c. 40% more
tillers than those in high-density ones (P = 0.0057), and
Nassella produced c. 50% more tillers than Elymus (P =
0.0030). While signiﬁcant effects of clipping on bunch-
grass size in these subplots were not discernible (P =
0.5091), surviving virus-treated Elymus produced c. 20%
fewer tillers than untreated ones (P = 0.0533) (Fig. 2).
  BROMUS   

Unclipped Bromus stands were thick and lush in spring,
with March LAI values of 6–7 falling to 4–5 in April
when senescence and lodging (collapsing of stand
structure) began. The LAI of unclipped low- and high-
density stands was quite similar, with no difference evi-
dent between the stand types in March and only a 10%
increase in high-density stands in April (P = 0.0334).
Bromus stands reduced light availability substantially,
with the fraction of PAR (FPAR) absorbed by the
unclipped canopies approaching 90% in April. Bromus
stands reduced soil moisture in the top 30-cm of soil by
as much as 19% in unclipped plots, with a strong density-
effect evident prior to a rain event towards the end of
the measurements (P < 0.05 for density effect at ﬁrst
four dates) (Fig. 4).
Clipping increased light and water availability in
Bromus plots. These effects were persistent into April and
May after clipping had stopped and Bromus had senesced.
In April, clipped stands were c. 50% shorter and dis-
played 31–40% less leaf area and FPAR was reduced by
c. 10%. Clipping increased overall April and May soil
moisture values prior to the late storm (P < 0.05), with
the effect most evident in low-density Bromus stands
(Fig. 4). The additional resources could be utilized by
surviving bunchgrasses, which remained green into
July, while Bromus was completely senesced by 22 May.
Clipping exerted its greatest inﬂuence on survivor-
ship of Bromus in low-density stands, the same stands in
which this factor had the greatest inﬂuence on soil
Fig. 3 Inﬂuence of virus infection and clipping on Elymus
multisetus  (EM) and Nassella pulchra  (NP) grown in the
absence of competition (0B). Mean ± SEM for (a) above-
ground biomass (minus seeds), (b) basal area, (c) height of
tallest leaf, and (d) total seed mass. Black bars indicate mock-
inoculated bunchgrasses, grey bars indicate virus-inoculated
ones. Cl indicates clipping treatment. Statistical comparisons
presented in Table 1.
Table 1 Comparison of relative virus effects and relative clipping effects on properties of Elymus multisetus (EM) and Nassella
pulchra (NP) grown without competition (see Figs 2 and 3). Individual effects listed are statistically signiﬁcant at P < 0.05 level.
M: marginal signiﬁcance, 0.05 < P ≤ 0.10. NS: not signiﬁcant. See text for discussion of interaction terms
 
Species
Virus effect (%) Clipping effect (%) 
On unclipped plants On clipped plants On uninfected plants On infected plants
Biomass EM −46 −54 NS NS
NP −61 −53 −31 NS
Basal area EM −37 −47 NS NS
NP −53 −46 −26 NS
Height EM −23 −23 NS NS
NP −26 −22 NS NS
Tiller no.* EM −28 −31 NS NS
NP −40 −25
M −17
M NS
Seed mass EM −44 −55 NS† −33
M
NP −50 −47 −26 NS
*Virus effect is underestimated for this measure because V+ treatment includes values from individuals that were not successfully 
inoculated (see Methods).
†Overall grazing effect was signiﬁcant at P = 0.0206.271
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moisture and bunchgrass survivorship. Bromus densities
fell during the experiment because the stands self-
thinned, as seen in natural grasslands (Biswell & Graham
1956), with the greatest mortality occurring in the high-
density subplots (Fig. 5). Clipping increased Bromus
survivorship in low-density stands by 41% (P = 0.0092),
but it had no effect in high-density stands (P = 0.2122).
Discussion
    
    

Although often overlooked, pathogen-induced seed-
ling mortality can have broad consequences for com-
munity structure, as indicated by work with pathogenic
fungi (Augspurger 1983; Packer & Clay 2000). Like
fungal pathogens, plant viruses are common in natural
communities (MacClement & Richards 1956; Nienhaus
& Castello 1989; Fraile et al. 1997; Raybould et al.
1999) and can induce mortality in young wild plants
(Maskell et al. 1999; Yahara & Oyama 1993). The
signiﬁcance of virus-mediated seedling mortality in the
context of that driven by other stressors is unknown
but, in a given community, will depend on both the
extent of infection and its consequences.
To quantify the signiﬁcance of B/CYDV-mediated
mortality and the potential for apparent competition
in natural grasslands requires conservative, step-wise
experimentation, in part because regulatory con-
straints limit the release and manipulation of viruses in
natural settings. In this study, we extended the realism
of past investigations by examining the consequences
of virus infection for bunchgrass seedlings experien-
cing the additional stresses of interspeciﬁc competition
and grazing, both of which are common in natural
grasslands. We tested the hypothesis that survivorship
would be lowest when bunchgrasses had simultane-
ously to contend with infection, competition and
grazing, a prediction based on the idea that multiple
stresses generally increase plant mortality. We were
also implicitly testing the contrasting prediction that,
in competitive settings, virus infection would exert little
inﬂuence on survivorship. However unlikely the latter
prediction may sound, it reﬂects a surprisingly persistent
assumption that plant disease has minimal consequences
in nature.
Our results demonstrate that, within an environment
in which competition strongly reduces seedling sur-
vivorship (as in natural grasslands), virus infection fur-
ther increases seedling mortality and alters patterns of
seedling establishment. However, regular community-
wide defoliation increased the survivorship of infected
Fig. 4 Inﬂuence of Bromus and clipping on soil moisture (percentage) in the top 30-cm of soil, from 11 April to 30 May 2002.
Closed symbols = without clipping, open symbols = with clipping. Little precipitation occurred after 23 March until a late storm
contributed 1.7 cm on 20–21 May (dotted line). Values are mean ± SEM.
Fig. 5 Inﬂuence of clipping on Bromus density within subplots
seeded at low (LB) and high (HB) densities. Mean ± SEM
(a) Initial seeding rate in December (no SEM calculated)
Clipping and no-clipping subplots were sown at equal rates
(b) Measured densities on 4 March. Black bars: no clipping
White bars: with clipping. (c) Measured densities on 25 May
Asterisks indicate signiﬁcance of clipping effect: **P < 0.01.272
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seedlings in a competitive environment, demonstrating
that stressors can exert counteracting inﬂuences and
suggesting that grazing may sometimes enhance the
persistence of infected bunchgrasses.
Virus infection intensiﬁes effects of competition
BYDV infection halved the ﬁrst-year survivorship of
bunchgrass seedlings competing with exotic annuals,
but not that of seedlings growing alone. This result
indicates both that infection exacerbates the effects of
interspeciﬁc competition and that the consequences of
virus infection become more severe in a competitive
environment. Competition made BYDV infection a
fatal disease for N.  pulchra, a species not previously
found to suffer virus-induced mortality (Malmstrom
et al. 2005a), and it accelerated mortality of infected
E. multisetus. With competition, both bunchgrasses
experienced greater ﬁrst-year mortality when infected
(76–84%) than either experienced in 3 years without it
(EMT: 59%; NPY: 5%), as reported previously (Malm-
strom et al. 2005a). These ﬁndings are consistent with
agricultural research indicating that most B/CYDV-
related mortality in cereals occurs when infected plants
experience a second stress (Haber 1995), but this has
not previously been documented in wild hosts.
Bromus stands reduced survivorship of both infected
and infected bunchgrasses (Fig.  1), most likely by
reducing light levels and soil moisture (Fig. 4), as re-
ported in previous competition studies (Dyer & Rice 1999;
Hamilton et al. 1999). Infected individuals most likely
experienced greater mortality because they were smaller
and thus less able either to compete for light and water
or to withstand resource shortages (Haber 1995).
Simulated grazing moderates effects of competition
In competition subplots without virus, simulated graz-
ing increased survivorship of bunchgrasses (Fig. 1),
most likely because defoliating and shortening Bromus
canopies increased light and soil moisture available to
bunchgrasses (Fig. 4), but had little direct inﬂuence on
above-ground bunchgrass growth (Figs 2 and 3, Table 1).
These ﬁndings are consistent with reports that grazing
can increase soil moisture availability in grasslands
(Bremer et al. 2001) and that established bunchgrass
populations can tolerate some grazing (White 1967;
Stromberg & Grifﬁn 1996), although the extent of this
tolerance remains controversial (Edwards 1992; Painter
1995). Our results are consistent with the experience
of practising restoration ecologists in California that
controlled livestock grazing can be an effective tool
for reducing weed pressure and facilitating bunch-
grass restoration (Stromberg & Kephart 1996; http://
science.calwater.ca.gov/pdf/SIA_grasslands_063005.pdf).
However, the ﬁnding that clipping more strongly
reduced growth of N. pulchra than that of E. multisetus
(Fig. 3, Table 1) suggests that grazing may also alter
competitive relations between these two bunchgrasses.
Counteracting inﬂuences of clipping and virus infection
Based on the expectation that multiple stresses would
increase plant mortality, we predicted that bunchgrass
survivorship would be lowest when seedlings con-
tended simultaneously with infection, competition and
clipping. However, when infected bunchgrasses grew
within competition plots that were subjected to clip-
ping, both their absolute and relative survivorship
increased (Fig. 1). This result may be explained in part
by the ﬁnding that clipping had even less direct inﬂu-
ence on the growth and size of infected plants than on
that of uninfected ones (Fig. 3, Table 1), contra-
dicting our prediction that physiological constraints
imposed by virus infection would limit the capacity
of infected plants to regrow. Several factors control
plant regrowth capacity, including internal and external
resource availability (Coughenour et al. 1985; Chapin
& McNaughton 1989), and interactions with mycor-
rhizas and other soil fungi (Callaway et al. 2001; Kula
et al. 2005). The inﬂuence of virus infection on these
factors merits further investigation.
The disproportionate response of infected bunch-
grasses to the relaxation of resource constraints brought
about by clipping may have occurred in part because
infected bunchgrasses were smaller than uninfected
ones and closer to the threshold size for mortality.
Soil moisture values (Fig. 4) and Bromus survivorship
(Fig. 5c) both suggest that clipping increased resource
availability most strongly in low-density Bromus
stands, in which the disproportionate release of infected
bunchgrasses was seen (Fig. 1). Structural differences
between stand types may have given rise to this dif-
ferential response. In low-density stands, individual
Bromus were generally bigger, and the soil moisture
data suggest that this may have allowed unclipped indi-
viduals to plumb the soil proﬁle more effectively
(Fig. 4). Following clipping, however, resource use may
have been more strongly reduced because the more
widely  spaced individuals took longer to achieve
canopy closure after defoliation (C.M.M., pers.
observ.). Alternatively, crowding in high-density
stands may have permanently altered the grasses’
growth trajectories (Biswell & Graham 1956) so that
individuals were less able to respond to increased
resource availability after clipping. An additional pos-
sibility is that infected bunchgrasses beneﬁted more
strongly from resource changes that improved their
water and carbon status because of virus-induced con-
straints on their root growth and carbohydrate trans-
port (Esau 1957; Kolb et al. 1991; Jensen & D’Arcy
1995), as has been found experimentally in oats (Malm-
strom & Field 1997).
The observed effects of clipping suggest that, under
some conditions, non-selective livestock grazing or
mowing could enhance survivorship of infected bunch-
grass seedlings and persistence of virus in grasslands.
Such a differential response to general herbivory would
thus have effects similar to preferential herbivory on273
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a competitive dominant (Lubchenco 1978), i.e. an
increased abundance of previously inferior competi-
tors and a concomitant rise in diversity, in this case
including that of infected and uninfected types. This
prediction is supported by the observation that
clipping increased the dominance of BYDV-infected
Lolium perenne  in simulated swards in Wales, UK
(Catherall 1966). Longer-term feedbacks arising from
the inﬂuence of grazing animals on nitrogen availabil-
ity or soil structure might alter outcomes but were not
considered here.
   
  
Increasing evidence indicates that B/CYDVs are com-
mon in grasslands in many world regions (Lindsten &
Gerhardson 1969; Guy et al. 1987; Garrett et al. 2004),
but their role in shaping grassland dynamics is poorly
understood. The effects of BYDV infection on seedling
survivorship seen in this study demonstrate that in-
fection can substantially augment mortality arising
from resource competition or other interspeciﬁc inter-
actions, and that it can do so almost invisibly because
infection rarely can be detected by eye. The degree to
which virus-mediated mortality or apparent competition
has been erroneously ascribed to resource competi-
tion in past studies is thus unknown and merits signi-
ﬁcant attention. We recommend further investigation
of patterns of infection in natural grasslands, including
interactions among different species and life stages.
In invaded California grasslands, bunchgrass popu-
lations have often been found to be recruitment limited
(Dyer & Rice 1997; Hamilton et al. 1999; Seabloom
et al. 2003). Young bunchgrasses are particularly likely
to die in their ﬁrst few seasons, i.e. before they have
developed sufﬁcient stature and root system to com-
pete effectively with the fast-growing exotic annuals
for resources (Jackson & Roy 1986; Dyer & Rice 1997;
Hamilton et al. 1999). Any factor that places addi-
tional constraints on seedling establishment in the ﬁrst
year or two is thus likely to have signiﬁcant consequences
for bunchgrass population dynamics. BYDV-PAV
infection markedly reduced ﬁrst-year survivorship of
bunchgrass seedlings competing with exotic annuals,
suggesting that in natural grasslands, where such
competition is the norm, virus infection could exert a
notable inﬂuence on bunchgrass establishment and
population dynamics. Perennial bunchgrass popula-
tions may be more likely to decline under virus pressure
than those of the invasive annual grasses because of
differences in the population-level buffering provided
by their stand structures and seed banks, as suggested
previously (Malmstrom et al. 2005a).
Although limited to an experimental ﬁeld, this study
captured many of the critical elements of nearby grass-
land environments − including the same host popula-
tions, virus type and weather – and closely replicated
the nature of local restoration projects. BYDV-PAV-
PH2 exerted strong effects on hosts in experiments con-
ducted in different years (Malmstrom et al. 2005a) and
in different ﬁelds (cf. Malmstrom et al. 2005a, and this
study), increasing our conﬁdence that similar results
would likely occur elsewhere. The two bunchgrass spe-
cies represent opposite types in terms of the long-term
mortality they experienced under the inﬂuence of in-
oculation alone, as well as in their current abundance in
California; that both showed similar patterns of sur-
vivorship further suggests that our ﬁndings are likely to
be broadly applicable. Because little is known about the
molecular diversity of B/CYDVs in natural grasslands,
we  selected the experimental virus at random from
among several BYDV-PAV isolates collected from wild
hosts. To enhance understanding of the landscape-level
inﬂuences of B/CYDVs, we thus recommend further
investigation of the viruses’  molecular diversity and
their geographical distribution among wild grasses.
Conclusions
Together with previous work, this study suggests that
virus-mediated apparent competition has the power to
signiﬁcantly inﬂuence patterns of seedling establish-
ment in California grasslands and thus inﬂuence inter-
actions among native species and invasive exotics.
More generally, our ﬁndings demonstrate the potential
signiﬁcance of multitrophic interactions in virus ecogy.
Although sometimes treated collectively as plant ‘pred-
ators’, viruses and herbivores may exert inﬂuences that
are distinctly different, even counteracting.
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